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1. INTRODUCTION

This research program is a experimental study of metal/semi-
conductor contacts on indium phosphide. The pimary objective of
the program is to determine the fundamental parameters which
control the electrical and metallurgical properties of the metal/
InP interface. The principal experimental tools of this research
program are electrical measurement of contact barrier energy and
specific contact resistance and surface chemical analysis using
Auger electron spectroscooy. The results of the program should
provide quidelines for development of practical ohmic contacts
for use in future InP devices, such as infrared detectors or
field-effect transistors,

Metal-semiconductor structures play an imoortant role in the
field of microelectronics by providing either ohmic cbntacts or
Schottky-barrier diodes in discrete and inteqrated circuit devices.
The fundamental theoretical understanding of the electrical pro-
perties of a rectifying Schottky metal-semiconductor interface is
essentially complete; the theory for an ohmic contact is less
80 but a complete understanding is rapidly develoving as a result
of recent advances. However, a comparable level of experimental
knowledge regarding metal-semiconductor contacts does not as yet
exist. This is particularly true for contacts to the III-V com-
pound semiconductors, such as GaAs and InP.

In the case of InP, the limited amount of metal-semiconductor
research that has been reported (i.e., sec literature review in

Section 5.1). With regard to Schottky contacts on InP, early

s b o SRR -




metal-gate FET research indicated that the barrier energy is low

on n-type InP. If this is true, the barrier energy must be high
on p-type material, unlike Schottky barriers on the more widely
used semiconductors fi and GaAs.

Wwith regard to ohmic contacts on InP, more research has been
verformed than for Schottky contacts, but the results are limited.

Ohmic contacts to any lightly doped semiconductor material can be

i achieved by use of an intermediate, heavily doped layer (e.q.,
; metal/n*/n or metal/p*/p structures). However, in InP the fabri-
cation of selected n* or p* regions with high temperature diffu-

sion or other conventional techniques have not yet proven to be

practical. Thus, research data has been largely confined to ohmic
contact formation on InP using heat-treated vacuum-deposited metal

layers. The metal layers usually contain a suitable dovant and

the heat treatment is used to drive the dopant into the InP to
form the n* or p* layer necessary for low resistance ohmic con-
tacts. |

It is the purpose of this research program to study in detail
the electrical and metallurgical nroverties of several metal con-
tacts to InP, with emohasis on the development of ohmic contacts

for practical InP devices. Several different compésite metal

——

systems have been examined for use as ohmic contact to InP, and

the contact barrier energy for n- and p-type InP has been accu-~
rately measured in a set of specially prepared Schottky diodes.

The results of the later measurements are given in Section 2,

v e e e~ ——
- — .

where InP is shown to differ substantially from GaAs and Si in its

. electrical behavior and metal-semiconductor interface formation.
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Low resistance ohmic contacts to n-type InP has been obtained
using a heat-treated composite metal layer containing Ni, Au, and
Ge; the results are described in Section 3. Two composite metal
systems have been examined for ohmic contact to p-type InP:

Au/Mg (Section 4) and Pd/Mg (Section 5). Neither system has
exhibited totally acceptable ohmic contact behavior to p-type Inp,
primarily because the Mg, a p-type dopant in InP, oxidizes readily
during contact fabrication. Finally plans for future research

are discussed in Sections 2 and 5.




2. COMPARISON OF ¢p FOR InP, GaAs, AND Si

From previous studies of ohmic contacts in this laboratory
and from a careful search of the literature, it is apparent that
very little data has been collected in a systematic manner for
Schottky diodes on InP. 1In particular, it has not been unequiv-
ably established that ¢Bp Y %, for InP, which would be just the
opposite to what is well established for GaAs and Si. This is
very important in development of a ohmic contact technology,
since ¢g has a significant affect on the electrical behavior of a
metal-semiconductor contact. Thus we have undertaken a project
to carefully measure 9 by several technicues for Schottky diodes
fabricated simultaneously on the three semiconductors InP, Gaas,
and Si. This section reports in detail a new fabrication proce-
dure and the initial results of the study of Pd Schottky diodes

on the three above semiconductors.

2.1 Literature Search

An extensive literature search covering the period 1960-1978
was carried out in an attempt to screen the literature for all
available information on metal contacts to InP. Only 13 papers
that specifically dealt with the subject could be‘found and the
results reported in these papers are tabulated in Table 2.1. It
appears that these studies were mostly directed towards finding a
satisfactory ohmic contact to InP and most of them are
incomplete. Schottky-barrier energy measurements have been

reported for a few metals, but the reproducibility has been very
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poor and the barrier energy appears to be strongly affected by

the preparation of InP surface prior to metal deposition.

2.2 Experimental Procedure

A new three-level mask set was designed and fabricated, with
the aid of a microcomputer, for metal-semiconductor contact stu-
dies. The mask set was designed to allow the measurement at the
wafer level of Schottky-barrier eneray by current-voltage (I-V),
capacitance-voltage (C-V), and photoelectric response techniques,
as well as the measurement of specific contact resistance on the
same chip.

The computer plots of each mask are shown in Fig. 2.1. The
dimensions of the unit cell were chosen to maximize the number of
cells per unit area, thus oroducing the maximum number of devices
for each InP wafer. The oxide mask shown in Fig. 2.la is used to
etch contact holes in the insulator. The following two masks,
shown in Fig. 2.1b and ¥ig. 2.1lc, are metal masks. The metal-
contact mask (Fig. 2.1b) is used to mask the first layer of metal
whose thickness is usually less than 100 ;. A thin layer of
metal is necessary for photoelectric response measurements since
infrared radiation must penetrate through the metal layer in
order to excite carriers over the barrier. The largest contact
area is used for photoelectric response and capacitance-voltage
measurements while the smaller contacts can be used for current-
voltage and specific contact resistance meaSUreménts. The third-
level mask (Fiq. 2.1c) is used to mask the.éecond layer of metal

o
whose thickness is 3000 to 10,000 A. This layer of metal provides
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contact to the first metal layer and is necessary probing the

devices. The specifications of the mask-set are given in
Table 2.2.
The proverties of the metal/InP contacts are strongly depen-
dent on the prevaration of InP surface prior to metal deposition;l“l4
therefore, a detailed description of the contact fabrication pro-
cedures will be given below.
In order to better understand the nature of the metal/Inp
interface, both p- and n-type InP wafers along with control wafers
of GaAs and Si were processed into Pd/semiconductor contacts.
The control wafers of GaAs and Si would later allow comparison of
the behavior of Pd/semiconductor contacts on all three semicon-
ductors fabricated at the same time with identical processing
steps. Since the interaction of Pd with Gaas and Si is fairly
well understood, such a comparison might reveal new information
about the metal/InP interface, #
The major fabrication procedures can be summarized as:
a) Formation of SiOj on the front side (polished) of the
wafers.
b) Formation of ohmic contacts on the back side of the wafers.
c) Application of the oxide mask (Fig. 2.la).
d) Application of the metal-contact mask (Fig. 2.1b) and pd
deposition.

e) Application of the metaliization mask (Fig. 2.1lc) and the

Al deposition,
These procedures and the intervenino processing steps will be i

described in detail in the following paragraphs.

6
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The pyrolithic chemical vapor deposition (CVD) of Si0 on InP
and GaAs wafers was performed at 300°C using a rapid start-up
cyclé.14 The resulting Si03 layer of 3000 ; was uniform in thick-
ness, free of pinholes, and could be etched in a controlled manner.
An SiOy layer of the same thickness was thermally grown on Si
wafers at 1100°C. All wafers were cleaned in a detergent solution
and degreased ty rinsing in tri-chloro-ethylene, acetone, deion-
ized water, and etched in native oxide and semiconductor etchants
prior to Si0O5 formation. These etching seauences are summarized
in Table 2.3. Each etching cycle was followed by a thorough rinse
in deionized water,

Preceding the deposition of the back contacts, the wafers
were etched in the sequences summarized in Table 2.4 after the
front side SiO; was protected by a film of black wax. A
degreasing sequence followed the removal of the wax. The wafers
were then immediately placed into a vacuum system and the metal
depositions were performed at pressures less than 4 x 10-6 Torr.
The composition and the formation conditions of the ohmic back
contacts are aiven in Table 2.5 along with results of tests per-
formed to determine the interaction of the etchants with the con-
tact materials. The tests were conducted on very small pieces
scribed from cach wafer and the samples were kept in the etchants
longer than the wafers wené vlanned to be etched duéing the
fabrication of the test devices. These tests were necessary to
establish a fabrication procedure for each Pd/semiconductor con-

tact. The etchants listed in Table 2.5 were determined to be




compatible with Shipley AZ 1350B photoresist, with the exception
of the 45 w.% KOH.

The test devices, which consisted of a Pd film of 90 + 10 ;
thickness on the semiconductors and a 3000 ; thick Al film for the
bonding rnads, were fabricated using the three-level mask set
described above. 1In order to avoid the metal-etchant incompati-
bility problems in a two-metal system, 1 lift-off photo-
lithography techniquel4 was used exclusively to define the metal
patterns. Following the photolithography step that defined the
Pd patterns on the wafers, the etchants listed in Table 2.6 were
applied and the wafers were placed in vacuum within 30 minutes
for Pd devosition. P4 evaporation was verformed at a pressure of
2 x 106 Torr and at the rate of 20 X/sec in an electron beam
evaporation system. The substrate temperature during evapora-
tion remained below 26°C.

The lift-off of excess Pd in acetone was followed by the photo-
lithography step which defined the Al patterns. The wafers were
baked at 80°C for 25 minutes to dry the photoresist. The
substrate temperature during Al evaporation was 34°C. After the
lift-off of excess Al in acetone, the wafers were scribed into
individual unit cells for electrical and metallurgical analysis

of the Pd/semiconductor contacts.

2.3 Results and Discussion
All of the Pd/semiconductor contacts were found to be rectify-
ing and the Schottky-barrier energies were measured with I-V and

C-V techniques. The results are summarized in Table 2.7. The




I-V and C-V characteristics of Pd/p-InP contacts were found to be
nearly the same over the surface of the wafer., Tyvpical I-V and
1/C2-v plots for this contact are shown in Figure 2.2. We-
believe that the data of Table 2.7 is conclusive evidence that
the ¢g(I-V) is higher on p-InP than on n-InP while the ovposite
is true for the same metal contact on GaAs and Si. Data of this
type, where all three covalently bonded semiconductors were used
to form Schottky diodes with the same metal at the same time and
with the same process scheme, are not available in literature,

Auger electron svectroscopy (AES) and in-situ sputter etching
with Ar* ions were utilized to examine contact surfaces and to
obtain depth-composition profiles of selected samples. The pur-
pose was to obtain correlation to the observed electrical proper-
ties.

The largest area contact was used for AES analysis. The
electron beam in the 2ES system could be easily focused in the
large contact area and the Pd film could be profiled without.
interference form the surrounding Al surfaces. All samples were
cleaned ultrasonically in methanol for 10 minutes preceeding the
analysis. The Pd/semiconductor contacts were analyzed using a
5-kV electron beam to produce the Auger electrons and were sput-
tered with a 1-kV ion beam at an arqon pressure of 5.0 x 10~5 Torr.
Special attention was paid to chemical identification of elements
and compounds present by noting chemical shifts and characteristic
peak shapes in the Auger enerqy spectra at various depths in the

Pd/semiconductor structures.
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The Auger peak-to-peak amplitude of each element was converted
to atomic percent using standard Auger electron sensitivities of
the elements. This data reduction method does not take into
account the simultaneous presence of different elements or dif-
ferent chemical states of the same element in the film being
analyzed. A computer program was used to convert the raw data to
depth-composition profiles.l4

The depth-composition profiles of the 90 + 10 A thick Pd film
on p- and n-type InP, GaAs, and Si are shown in Figures 2.3, 2.4,
and 2.5 respectively.

The bulk of the PA film and the °?d/InP interface were found
to be free of any detectable (i.e. less than 0.6 atomic percent)
contamination (Fig. 2.3). Small amounts of zinc and oxygen
detected during the analysis were confined to the free surface of
the Pd film. The profiles reveal considerable mixing of In and P
with Pd although no trace of In or P could be detected on the
free Pd surface. Considerable mixing of In and P with Au at 22°C
in Au/Inp contactsl5 and with the Ag film at temperatures as low
as 80°C in Ag/InP structures have been reported.l6 Therefore the
presence of In and P in the P3d film was not very surprising since
the Pd/semiconductor structures had to be exposed to 80°C tem-
perature for 25 minutes during the last photolithography step.

It is further observed in Fig. 2.3 that the highest In to P ratio
throughout the contact occurs at the Pd/InP interface. The reasons
for the presence of this seemingly In-rich region in the profiles
are not clear at this time. The effect may be due to loss of P

from the InP surface during processing or it may simply be a

10




result of non-uniform sputtering of elements at the interface

? which is possible since P is much lighter than Pd or In. The
obgervation of an In-rich interface reqion in the AES deonth-com-
position profiles of Aq/InP contacts have also been reported.l?

The comments made about the cleanliness of the P4A/InP contacts

are also true for the Pd/GaAs contacts as can be seen in Figure 2.4.
However, unlike the Pd/InP contacts, the AES depth-composition
profiles of the Pd/GaAs structure show little evidence of mixing
of the substrate constituents with the Pd film,

The depth-composition nrofiles for the P3d/Si contacts (Fig. 2.5)
differ significantly from the others discussed so far. The most
‘ striking difference is the presence of oxygen throughout the
contact structures. In addition to this fact, Pd reacted with Si
forming Pd)Si as evidenced by the characteristic shape of the Si

Auger peak at 92 ev.l® The very small thickness of the Pd film

o
(90 + 10 A) and the high reactivity of Si with oxygen in the
atmosphere are believed to be resvonsible for the presence of

oxygen in the contact structure. Thicker films of PdySi that are

l formed by in-situ heat treatment in high vacuum contain oxygen
1 ' only on the free surface of the PdySi film.18 <The Schottky
\ ' barrier height enerqy of ¢g,(1-V) = 0,711 + 0.021 eV measured for

. Pd/n-Si system is in very good agreement with the previously
! l published value of !{gn(I-V) for the clean Pd;Si/n-Si interface.l®
' 5.1 Conclusions

As indicated earlier, Pd was evaporated simultaneously on all
three semiconductors of both types which were processed at the

same time and with the same processing scheme thus making an

11




” T ———

unambiguous comparison of all Pd/semiconductor structures possible.
The AES depth-composition profiles in Fiqures 2.3, 2.4, and 2.5
leads to the conclusion that the P4d/InP structure lies somewhere
between the reactive Pd/Si system and the seemingly non-reactive
Pd/GaAs system. This highly uniform Schottky barrier height data

for the Pd/p-InP contact suggests a very clean InP interface i

which was confirmed by Auger analysis. Finally, the injitial data
‘'of Table 2.7 shows conclusively that ¢gp ¥ ¢gn for Pd/Ino diodes
while the opposite is true for Pd/GaAs and Pd/Si diodes. Since

the larger the value of ¢y, the more resistive the metal-semi-

conductor contact, it should be more difficult to form low resis-
{ tance ohmic contacts to p-type InP than to n-type InP. This

result is borne out in the next sections.

2.5 vPlans for Future Vork
Future research will include the measurement of ¢5 for the Pd

Schottky diodes by the photoresponse method. This measurement

may help explain the difference between ¢n(I-V) and ¢g(C-V)

values in Table 2.7 and provide $n data on the low barrjer height

interfaces not presently accessible with the C-V technique. 1In

addition, a séties of experiments will be conducted to introduce
| a controlled amount of oxide in the InP, GaAs, and Si diodes and

X the effect on ¢ will be determined. The collection of ¢p data

‘ for other metals besides P4 will be continued.

- 12
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Metal/InP Contacts

°p . Heat Treatment
Surface (1-v) | (c-v)| PoPing s | °s
Contact Wafer | Prepsration ev (cn’j) Time -1 (€-v) Ref.
———
1. Au/1inpP <110>n 15sec. ctch in 0 N 20.02 sxxols c——— rerne]| re——- 1
0.1%Br in
CH30H ax10%6 ORI (DI U
2. Au/AuzGe/InP| 7 =n ? ? | sx10d? 20-100 2
5% Ni by wt. 2x1018 sec. Ohmic
3. Au/Ag-Sn/InP| ? n ? ? 5x10i; 180 | 2
2x10 | 270s. Ohnmic
4. Au-Ti/InP <100> |2%BR + 2 |1035-1016] 2min. 0.51 |o.¢ 3
1% by wt. CH30H
S. Au/1InP <110>n|vac. Cleaved 0.43 0.50 ? ———— PRI 4
<110>n .'+:H30H 0.49 0.57 ? - PUPEIQUNEN [,
<110>n|Air-exposed Ohmic ? e | e || e
<110>n{ 0y-expesed ohmic ? —~—— .
<110>n!Cl,-exposed ohmic ? c—we | cocmme | cmee- ————
6. Au/InP <100>n|0.59Br+CH30H 0.49 —em= | 2x1015 ~—— N PR, 5
7. Au/InP <111>n|0.2%Br+cHon  [0.74 | 1.31 |3x10Y? ~—-- S 6
<11i>n| ------ 0.56 1.03 |4.3x10 m——— S POU.
<}11>nf =-=--- 0.58 1.10 | 4.3x10 ———— JPNPITI [P
<111>n] 9N-HC1(20s.) 0.54 0.64 | 5x1037 ——— e | e
<111>n| 9N-LEC1(20s.) 0.43 B PRI SOV FEHp (-
<100>n|9N-HC1(20s.) [0.49 0.84 |1x10}7 —— IR P
8. Au/InP <110>n!lvac. cieavead ]0.43 0.5%0 3x101§ — U B v
<110>n|13Br+CH;0H 0.49 | 0.57 |3x10!l3 10m -----10.53
<110>n| 18Br+CH30H 0.49 | 0.57 |3x10! 10m -----]0.52
<110>n|135r+cH;oH 0.49 | 0.57 {3x10l2 10m -——--l0.28
<110>n! 18Br+cH;0H 0.49 | 0.57 |3x10} 10nm ohric
9. Cu/InP <110>n{vac. Cleaved ———— 0.49 3x1015 ECC T IE L DL L R aitd e,
10. Al/Inp <110>n| 13Br+CH30H 0.47 0.52 |3x1013 iom | 1o00°c |----- 0.52
€110>n| 18Br+CH30H 0.47 0.52 |3xlo0! 1om |209°Cc (|----- 0.52
<110>n| 18Br+CH3OH 0.47 | 0.52 {3x103} lom -----10.38
<110>n{ 14Br +CH3OH 0.47 0.52 [3x1o0! 10m -----]0.22
11. Ag/Inp <110>n|vac. Cleaved [0.42 0.47 [3x1013 ~——— e Lt
<110>n{ 13Br+CHCH 0.48 | 0.55 {3xio} 1m | 100°C |----- 0.52
<110>n| 18Br+Cli;0H 0.48 0.55 10m ——---10.4¢
<110>n)183r+CH30H 0.48 0.55 10m Ohaic
<110>n| 18Br+CH30H 0.48 0.55 10m ohmic
12. In/InP <ll0>n[Cleave or etch Ohmic 3x1015 —— -----l----
13. Ag/Sn/In/1a? | <?> n ? 2 |1x1013 ? ohmic 8
14. Ag/Inp <001>n|10:1 H,0:HF 2x1015(2) | 1min. | 9
low ¢pn
15. Ag/InP <001>z|Ar* ion etch ———— e e ——— 10
for 1 h. and ——— e |-
H.T. at ohmic ? ———- ————e |-
300 + 10°C
for 30 min.
16. Ag/InP <001>n|Ar* ion etch 2.02 —=-- 0.5-1x10}; —— S S 11
and anncaling £,02 ~=-- {0.5-1%10 ———— ————o fm———
at various ohmic 0.5-1x1017) -om- S e e
temp. and atm.
17. Au/zn/Au/1nP ? p|matte surf. ? ? 1-100-cm 15sec. ohmic 12
18. In-5% €d/1InP ? P ? ? ? |sx10l6 Sm(?) rectifying 13
19. In/inp ? p 2 7 >~ lsx1018 sm(?) rectifving
20. 1n-5%/2n/InP 2 P ? ? 7 |sx1036 Sm(?) ohmic
21. Au-2v/Zn/1nP 2 P ? ? 2 |sx101 5m{?) ohric
13
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Table 2.2, Specifications of the Mask-Set
1. Unit cell dimensions: 760um x 640pm
(Including the zorm-wide border)

2. Spacing between unit cells: ISOym
3. Minimum line width: 1lO0pm

4. Density: 139 unit cells/cm?

5. Number of contacts per unit cell: 9

6. Contact dimensions («n sn):

a) 700 x 400
by 200 x 150
c) 100 x 100
4) 50 x 50
e) 70 x 20
£) 35 x 35
q) 25 x 25
h) 15 x 15
i) 10 x 10

Table 2.3, Etch Sequence Prior to SiOy Deposition

TYPE OF FTCHANT ETCHING
WAFER ETCHANT COMPOSITION TIME
InP Iny03 etch 45w.% KOH 30 min.
InP etch H2S04:H202:H20 5 min.
3 1
GaAs Ga03 etch 20:1-H90:HC] 10 sec.
GaAs etch NH4O0H:H 209 H 0 60 sec.
20 7 :974
si sioy etch 10:1-M20:HF 5 min.
14




Table 2.4. Etch Secuence Prior to Back Metal Deposition

TYPE OF ETCHANT § ETCHING
WAFER ETCHANT COMPOSITION TIME
InP §i0y etch 10:1-H50:HF 5 min.
Iny03 etch 45w.% KOH* 30 min.
InP  etch 10w.% HIO3* 3 min.
GaAs Si0y etch 10:1-HO:HF 5 min.
Ga903 etch 20:1-H50:HC] 10 sec.
GaAs etch NH40H:H2045:H70 60 sec.
20 : 7 :974
si Si0y etch 10:1~-H50:MF 3 min.

*A, R. Clawson, D. A, Collins, D. I. ®lder and
J. J. Monroe, Technical Mote 592: Laboratory
Procedures for ®Btching and Polishing InP Semi-
conductor, NOSC, San Deigo, California (1978}).

-~
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Table

2.6. EBtch Sequence Prior to Front Metal Deposition

TYPF OF ETCHANT ETCHING

WAFER ETCHANT COMPOSITION TIME
Inp Iny03 etch 45% KOH* by weight 30 min.
Inp etch 10% HIO3 by weight 30 sec.
GaAs Gag03 etch 20:1-H70:HC1 10 sec.
GaAs etch NH40H:H902:H20 30 sec.

20 7 :974
si Si0y etch 9:1-NH4F:HF 20 sec.
(40W3) (48W3)

*Since this etchant is not compatible with Shipley

AZ21350-8 photoresist,

photolithography.

it was applied preceeding
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¢Bp: 0.826 &V
10 n=107 _4 2?\
| A=3.16x10 ch

(b, =0.823 eV

“~(n=1.07 |
A=2.82 x 10°cm?
.

Pd/p—-InP

| 10°F (As- fabricated)
3 N,= Ny = 2 x10' 3
10'2 r ! | | |
0.0 0.2 04 0.6
V(Volt)
Figure 2.2(a). I-V curve for Pd/pInP diodes.
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Figure 2.3. Auger-depth profiles of Pd/InP diodes.
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3. Ni/Au/Ge CONTACTS ON N-TYPE InP

The most common approach to making ohmic contacts to n-type
GaAs has been the alloy regrowth technique. 1In this technique
the contact metal devnosited on the GaAs surface contains a n-tyve
dopant. The contact is then heated until a thin layer of GaAs is
dissolved. Upcn cooling, the semiconductor recrystallizes with a
regrown layer containing a high concentration of the dopant. The
result is the desired metal/n*GaAs/nGaAs structure for ohmic
contact. In n-type GaAs, the mostly used metal system is Ni/Au/Ge.20
Ge is a donor, the approvoriate Au-Ge mixture melts at 360°C, and
Ni is found to improve surface uniformity. This revort is con-
cerned with the investigation of the Ni/Au/Ge system applied to
n-type InP. Supporting research on the Ni/InP and Au/InP systems
was reported in detail the previous annual report and is included

below as background information.

3.1 Experimental Procedure

The n-type wafers were of €100) orientation with doping from
1016 to 1018 cm~3., After degreasing, the wafers were etched five
minutes in 3:1:1 H9SO4:H209:H70. A SiOj maskina layer of 3000 ;
thickness was deposited using pyrolytic chemical vapor deposition
at 300°C. Subsequent steps to etch holes in the oxide layer and
to define the metal contacts utilized conventional photo-
lithographic technicques. Fach metal layer of the multilayered
Ni/Au/Ge structure was sequentially devosited using electron-beam
evaporation in an ion-oumped vacuum system during the same pump-

down. The wafers were maintained below 50°C during denosition,




The metal-semiconductor contact systems will be designated
*as-deposited”, referring to samples immediately after depqsition
of metal layers, or "as-fabricated" for those samples where pro-
cessing subsequent to the metal deposition (i.e., a post-photo-

lithography bake at 150°C/5 min. in air) may have altered the as-

deposited structure. Samples that are referred to as "heat
treated" were rlaced in an open-tube furnace with flowing N gas
after completion of all fabrication steps.
. Characterization of the samples before and after heat treat-
. ment, including the correlation of electrical and metallurgical
data, involved a number of techniques previously used for the
| study of ohmic contacts to GaAs.20 Current-voltage measurements
were used to obtain Schottky barrier energy ¢y, and specific
contact resistance ro, and capacitance-voltage measurements were

sued to find carrier concentration |Np-Na| and ¢p,. Auger elec-

| tron spectroscopy (AES) was used for surface chemical analysis

and combined with ion beam etching, for depth-composition profil-

ing of the multilayered thin-film structures.20 Surface morvho-
logy was characterized with scanning electron microscopy and
i optical microscopy. X-ray diffraction analysis was also con-

ducted on specially prepared Ni-Ge films.

o e Bl

3.2 Results and Discussion

. e m——

i The specific contact resistance as a function of heat-treat-
ment temperature for the Ni/Au/Ge/nInP, Ni/nInP, and Au/nInP
. systems is summarized in Fig. 3.1. Figure 3.2 shows typical AES

profiles for both as-fabricated and heat-treated Ni/Au/Ge/nInP
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samples. Auger analysis revealed that for samples heat treated
up to about 250°C, Ge moves away from the InP interface, through
the intervening Au layer, to react with the top Ni layer (see
Fig. 3.2a). Changes in the Ge Auger energy spectra and indeoven-

dent X-ray diffraction studiesl4 indicated that essentially all of

the Ge had reacted to form a layer of NiGe after 5 min. at 300°C.
Simultaneously excess Ni diffused to the InP interface (see Figq.
3.2b). The thin interfacial layer of Ni avears to control the
contact resistance in the heat-treatment range 250 - 350°C,
especially since the sharp drop in ro for both the Ni/Au/Ge/nInP
and the Ni/nInP systems occurred at the same temperature, 300°C,
resulting in a minimum in ro at 325°C. At higher heat-treatment
temperatures considerable intermixing of all elements occurred.
Contact surfaces became increasingly non-uniform and more scatter

in the ro data was found. No abrupt change in electrical behavior

was observed at 360°C, the melting point for the Au-Ge euthectic
composition used.

The lowest r. observed for the Ni/nInP system was 4 x 10-5 Q—cmz,
heat treated at 325°C, 5 minutes. Specific contact resistances

for the Ni/Au/Ge/nInP system were as low as 3 x 105 Q-cm2

(325°C, 5 min) and 5 x 10~5 g-cm? (400°C, 2 min) for |Np-Np| =
3 x 1016 cm=3., The Au/nInP system exhibited an as-fabricated
barrier energy of ¢gn = 0.50 eV and did not produce acceotable

ohmic behavior after heat treatment.

2.3 Conclusions
On n-type material, a film of pure Ni exhibited a low contact
resistance after heat-treatment at 325°C. The composite film

27




Ni/Au/Ge exhibited simiiar behavior primarily because Wi diffused
to the InP interface. Since low resistance contacts were found
below the Au-Ge eutectic temperature, the alloy regrowth mecha-
nism responsible for ohmic contact formation in the Ni/Au/Ge/nGaAs
system does not apply for Ni/Au/Ge/nInP.

The barrier energy ¢pp for all metal systems tested on n-type
InP were found to be relatively low (0.1 - 0.5 eV). Thus it was
not difficult to obtain ohmic contact behavior. However, the
optimum contact system was found to be that of Ni/Au/Ge containing
atomically more Ge than Ni. 1In that case, contacts were of low
resistance after a retatively low temperature heat treatment, had
smooth surfaces, and required minimal control of the heat-
treatment temperature.

This project is complete and no future work is planned.
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Figure 3.2(a). Auger profile of an as-deposited
Ni/Au/Ge/nInP diode.
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4. Au/Mg CONTACTS ON P-TYPE InP

As discussed in a previous report,l4 we have investigated an
alloy contact consisting of Au/Mg multilayer film on p-type InP.
This study was completed during the period covered by this annual

report and the highlights of the study are reported in this section.

4.1 Experimental Proredure
The p-type InP wafers used in this study were both €111 and
€100) material of 1 x 1017 cm™3 and 6 x 1017 cm~3 doping. The Mg
film was deposited first with a thickness of 400 A followed by a
Au film of 1600 ﬁ thickness. All contact processing steps was

the same as described in Section 3.1.

4.2 Results and Discussion

The electrical characteristics of the as-deposited Au/Mg/pInP
samples were typical of Schottky diodes with large barrier energqgies
(i.e., ¢Bp = 0.7 to 1.0 ev), and in all cases, the contact
resistance on p-type InP was much higher than on the n-type
material. As shown in Fig. 4.1 the contact resistance for the
Au/Mg/pInP system decreases rapidly with increasing heat treat-
ment above 300°C. The lowest contact resistance measured was
approximately 1 x 10-4 Q-cm2 for Np-Np = 6 x 1017 cm~3 after heat
treatment at 446°C for 50 min, which also resulted in the
smoothest heat-treated surface.

Fiqure 4,2 illustrates tyoical AES profiles of the Au/Mg/pInP
system, For the as-derosited samples, Mg was found on the surface
of the Au as well as at the InP interface, indicating that consider-
able migration of the Mg takes place during the Au deposition.
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In addition, most of the Mg on the surface, and to a lesser extent
at the InP interface, was present as the oxide MgO. The profile
for the heat-treated sample of Fig. 4.2b shows a thin MgO layer
covering a Au-In layer which covers a region of mixed comvosition,
all covering the InP substrate. The ratio of Au to In in the Au-
In layer corresponds to the solubility of In in Au at the tem-
perature of heat treatment.22 Extensive loss of In and P from

the substrate was found for samples heat treated above 400°C.

The surface morvhology of the Au/Mg/pIn? system was found to
be strongly dependent on heat-treatment conditions. At or above
the Au-In eutectic temperature22 of 457°C, melting takes place
during heat treatment, and at 500°C evidence of extensive lateral
melting of the Au/Mg film on too of the SiO; adjacent to the
contact area was found. A significant amount of In was found by
Auger analysis in the metal film on top of the SiO3, indicating

appreciable loss of In from the InP substrate at temperatures

above 457°C.

4.3 Conclusions

Before heat treatment, contact resistance and Schottky barrier
energies were always higher on p-type than n-type InP, unlike
Schottky barriers on GaAs and Si. After heat treatment, ohmic
contact behavior was observed but with accompaning poor surface
uniformity. The latter is probably the result of the high solu-
bility of In in Au at the heat-treatment temmeratures used. Based
on the results of this study, the heat treated Au/Mg system would

be only marginally useful to form ohmic contacts to p-type InP.
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The reproducibility of the Au/Mg contacts was poor. Th
probably the result of Mg oxidation during Mg devosition,
or all of the Mg is present as MgO, then little or no Mg is
available for incorporation as a p-type dopant in the InP.

This project is complete and no future work is planned.
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5. Pd/Mg CONTACTS ON P-TYPE InP

In this section we report the use of an alloyed Pd/Mg system
for ohmic contact to p-type InP. Based on our previous
experience with the Au/Mg system (see Section 4), we chose to
examine Pd as an alternative to Au for this study. P4 can be
easily vacuum deposited and it does not form a low temperature
eutectic with In as was found for Au. Also new methods of
cleaning the InP surface prior to film deposition, in hopes of
reducing the oxygen available for MgO formation, are described in

this section.

5.1 Experimental Procedure

A new mask-set was made similar to the three-level set used
for photoelectric barrier height measurements (see Section 2.1).
This mask set makes more efficient use of InP surface area and is
compatible with the liftoff technique used to define the metal
pattern.

Because several new etchants were used, some changes were
made in the surface preparation steps of the fabrication procedure
from that described earlier. The wafer was placed in the InP
oxide etchant (45% wt. ROH) after the contact windows had been
opened in the CVD SiO,, but before the liftoff photolighography
step. This is necessary since the KOH will strip the Shipley
photoresist used. However, since the InP etchant (10% wt. HIO3)
does not seem to effect the photoresist, it was used after the
liftoff photolithography stem just prior to placing the wafer in

the metal evaporation system. It was hoped that such a surface
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preparation procedure will provide a clean interface between the
metal and semiconductor.

The metal evaporation deposition was carried out in an ion-
pumped vacuum system with a base pressure of 2 x 10-7 Torr. Ti
sublimation pumping and high evaporation rates were employed to
reduce oxygen gettering by Mg during Mg devosition. An electron
beam was used to individually heat the separate hearths which
held the Pd and Mg sources. In this manner a multiple layer film
consisting of 400 ; of Mg evaporated onto the InP surface, and
1600 ; of Pd evaporated over the Mg film, was deposited in the
same pumpdown. After metalization the excess metal was "lifted"
off the wafer surface by dissolving the photoresist pattern under
the metal films with acetone. The final step was scribing the
wafer into individual cells before characterization and heat

treatment.

5.2 Results and Niscussion

A set of Pd/Mg contacts on p-In® have been fabricated and
some preliminary electrical evaluation begqun, The InP wafer used
was supplied by the Air Force with Zn doping of approximately
2 x 1017 cm~3 and ¢100) orientation.

The as-deposited contacts exhibited Schottky diode behavior
characterized by a barrier energy (@Bp) of about 0.8 eV, and a
diode factor (n) of about 1.9. These values were determined from
the current-voltage (I-V) measurement for the contacts, with the
assumption of thermionic emission. The value of the Richardson
constant used was 60 A2(cm *K)~2, The shape of the forward

biased I-V curves, as shown in Fig. 5.1, for the as-deposited
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contacts made accurate determination of the barrier height and
diode factor difficult.

Heat treatments have been made at 300, 400, 500, and 600°C
for ten minute periods. The contacts remained rectifying after
every heat treatment. The effect of the heat treatments on ¢pp
and n is listed in Table 5.1 and the effect on the forward biased
I-V characteristics is shown in Fig. 5... The results of reverse-
bias capacitance-voltage measurements made on the same contacts
are also listed in Table 5.1. Fig. 5.2 shows a typical doping
profile determined by C-V measurements. The net doping lNA-NDI
obtained from C-v data was found to be uniform with depth at
2.0 x 1017 cm-3,

The surface of the contacts were examined ootically with a
metallurgical microscope. The as~deposited contacts were silvery
in color and had a smooth texture. Adhesion of the metal films
was poor, especially to the CVD <i0O;, used to define the contact
areas, After heat treatment the contact surface was no longer
smooth but had a rough qranular texture. The contact regions
also darkened in color with increasing heat-treatment tem-
peratures. The reactions at the InP surface appeared quite 4if-
ferent from those occurring on the SiOj surface surrounding the

contacts.

4.3 Conclusions
Although the work on the Pd/Mg contacts is not yet complete,
a few preliminary conclusions may be drawn at this point. 1Ini-
tially, the contact resistance is higher than for the Au/Mg case,
and the surface adhesion and uniformity is poor after heat
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treatment. These effects could result from a chemical reaction
between the Pd and the Mg, although not predicted from thermo-
dynamic data.22 An alternative explanation may be oxygen contami-
. nation at the Mg/InP interface, since high contact resistance was
found in Au/Mg diodes with large amounts of MgO present. This

latter explanation may also account for the large discrepancy

between ¢BP(I-V) and ¢Bp(C-V) in Table 5.1.

5.4 Plans for Future Work
Auger analysis will be performed to determine the extent of
contamination by oxygen and carbon at the Mg/InP interface in the
Pd/Mg/InP diodes. If oxidation of Mg is the principal reason for
the poor electrical behavior, a new project will be initiated

using an alternative p-type dopant.

o — .
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Fig. 5.1, Current-voltage characteristics of typical Pd/Mg/pInP
diodes after ten minute heat treatment.
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6. LIST OF PUBLICATIONS

The following scientific pavers have been prepared as a

result of the research performed under Air Force sponsorship:

L. P. Erickson, A. Waseem, and G. Y. Robinson
"Characterization of Ohmic Contacts to InP", Thin Solid
Pilms, (1979). Presented at the International Conference
on Metallurgical Coatings, San Diego, CA, April 1979.

L. P. Erickson, "Ohmic Ni/Au/Ge Contacts to InP",
MS Thesis, University of Minnesota, 1979.

A. Waseem, "A Study of Au/Mqg Contacts to InP',MS Thesis,
University of Minnesota, 1979.
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